Voltage-gated Na ؉ channels are composed of pore-forming ␣ and auxiliary ␤ subunits. The majority of Na ؉ channels in the heart contain tetrodotoxin (TTX)-insensitive Nav1.5 ␣ subunits, but TTXsensitive brain-type Na ؉ channel ␣ subunits are present and functionally important in the transverse tubules of ventricular myocytes. Sinoatrial (SA) nodal cells were identified in cardiac tissue sections by staining for connexin 43 (which is expressed in atrial tissue but not in SA node), and Na ؉ channel localization was analyzed by immunocytochemical staining with subtype-specific antibodies and confocal microscopy. Brain-type TTX-sensitive Nav1.1 and Nav1.3 ␣ subunits and all four ␤ subunits were present in mouse SA node, but Nav1.5 ␣ subunits were not. Nav1.1 ␣ subunits were also present in rat SA node. Isolated mouse hearts were retrogradely perfused in a Langendorff preparation, and electrocardiograms were recorded. Spontaneous heart rate and cycle length were constant, and heart rate variability was small under control conditions. In contrast, in the presence of 100 nM TTX to block TTX-sensitive Na ؉ channels specifically, we observed a significant reduction in spontaneous heart rate and markedly greater heart rate variability, similar to sick-sinus syndrome in man. We hypothesize that brain-type Na ؉ channels are required because their more positive voltage dependence of inactivation allows them to function at the depolarized membrane potential of SA nodal cells. Our results demonstrate an important contribution of TTX-sensitive brain-type Na ؉ channels to SA nodal automaticity in mouse heart and suggest that they may also contribute to SA nodal function and dysfunction in human heart.
V
oltage-gated sodium channels are responsible for the initiation of action potentials in excitable cells. They are composed of pore-forming ␣ subunit and auxiliary ␤ subunits (1) . Ten genes encoding ␣ subunits have been identified, and 9 have been functionally expressed (2, 3) . Isoforms preferentially expressed in the central nervous system (Na v 1.1, -1.2, -1.3, and -1.6) are inhibited by nanomolar concentrations (K D Ϸ 1-10 nM) of tetrodotoxin (TTX), as is the isoform present in adult skeletal muscle (Na v 1.4). In contrast, the primary cardiac isoform (Na v 1.5) requires micromolar concentrations of TTX (K D Ϸ 2-6 M) for inhibition (4, 5) . Na ϩ channel ␣ subunits are associated with one or two auxiliary ␤ subunits, named ␤1 to ␤4. These auxiliary subunits modulate channel gating, interact with extracellular matrix, and function as cell adhesion molecules (6, 7) . Although TTX-insensitive Na v 1.5 channels are the predominant Na ϩ channel type in the heart, we recently found that TTXsensitive brain-type Na ϩ channels are localized in the transverse tubules of ventricular myocytes where they are required for the normal synchronous coupling of cell surface depolarization to contraction of the myocyte (8) .
The heart beat is initiated by slow diastolic depolarization of the sinoatrial (SA) node, which drives the membrane potential after action potential toward the threshold for firing the next action potential. Multiple ionic currents with complex interactions are involved in spontaneous diastolic depolarization (reviewed in refs. 9 and 10), but the contribution of Na ϩ channels is controversial. Early studies suggested that the action potential in SA node is insensitive to TTX (11) , but subsequent work showed that Na ϩ channels are present but are largely inactivated at diastolic potentials in rabbit and mouse SA node (12-21, ¶, ). Connexin 40 and connexin 43 are expressed in myocytes of mouse atrial muscle, with a sharp transition to connexin 45 expression in the SA node. In addition, a sharp transition from atrial to nodal action potential waveforms was observed over Ϸ100 m (22) . In light of previous work detecting Na v 1.1 channels in neonatal rabbit SA node (23) , we have examined the localization and function of brain-type Na ϩ channel subtypes in adult SA node. Our results reveal specific localization of braintype Na ϩ channels in mouse and rat SA nodes and show that the function of these Na ϩ channels is required for normal control of beat rate and heart rate variability in the mouse heart.
Experimental Procedures
Antibodies. The specifications and the peptide sequences against which the antibodies are directed have been described (8) . Antibodies recognizing Na v 1.1, Na v 1.2, and Na v 1.3 were purchased from Chemicon (Temecula, CA) (anti-RI, anti-RII, and anti-RIII). The antibody recognizing Na v 1.6 (anti-Scn8a) was from Alomone Laboratories (Jerusalem). The antibodies against Na v 1.5 (8) and the ␤ subunits (24, 25) have been described. The mouse monoclonal antibody against connexin 43 was purchased from Chemicon.
Microdissection and Immunocytochemistry of Mouse SA Node. Adult male (8-10 wk) B6͞129F1 mice were preinjected with 300 I.E. heparin i.p. and anesthetized with halothane, and microdissection of the SA node was performed as described (26) , following procedures approved by the Institutional Animal Care and Use Committee of the University of Washington. Spontaneously contracting tissue containing the SA node was then fixed in 4% paraformaldehyde at 4°C for 4 h, rinsed in 0.1 M phosphate buffer (pH 7.4) for 5 min and then cryoprotected in buffer containing 30% sucrose for 24 h. Frozen 10-m sections were cut and incubated with specific antibodies, as described (8) . Tissue was viewed by using a Bio-Rad MRC 600 confocal microscope. For control sections, primary antibodies were preincubated with their antigenic peptides, or no primary antibody was used.
Microdissection and Immunocytochemistry of Rat SA Node. Adult male rats (250-350 g) were studied in accordance with the regulations of the United Kingdom Animals (Scientific Procedures) Act of 1986. The SA node was dissected and analyzed as described (27) . Ten-micrometer cryosections were cut perpendicular to the crista terminalis close to the main branch from the crista. Sections were fixed with 4% paraformaldehyde for 30 min at room temperature, treated with 0.1% Triton X-100 for 10 min at room temperature, blocked with 10% normal donkey serum for 60 min at room temperature, incubated with the primary antibody at a dilution of 1:100 overnight at 4°C, and incubated with appropriate secondary antibody (from Jackson ImmunoResearch) for 1 h at room temperature. Tissue was viewed using Leica TCS SP and Zeiss LSM 5 Pascal confocal microscopes. For control sections, primary antibodies were preincubated with their antigenic peptides, or no primary antibody was used.
Electrocardiography. Mice were anesthetized, and hearts were removed and Langendorff-perfused retrogradely by using a modified Krebs-Henseleit buffer (KHB) containing (in mM) 118 NaCl, 4. (28) (29) (30) , and bubbled with 95% O 2 and 5% CO 2 at 37°C. Perfusion pressure was 60 mm Hg. Horizontal ECGs were recorded between pairs of thin platinum electrodes attached to the atrial appendages, and data were sampled at 5 kHz with WINDAQ software (Dataq Instruments, Akron, OH) on a personal computer and analyzed with IGOR (WaveMetrics, Lake Oswego, OR) software. After initial perfusion, the preparation was allowed to stabilize for 10 min, followed by a 4-min ECG recording period (ECG 1). Then the heart was perfused for an additional 10 min with either control KHB or KHB containing 100 nM TTX, followed by a second 4-min recording period (ECG 2) in control KHB or TTX-containing KHB.
Analysis of ECGs. Custom-written ECG-measurement macros were imbedded in IGOR for semiautomatic analysis. Waveforms were variable from heart to heart, but the shapes of the P wave and the QRS complex were stable within each experiment. Heart rates and R-R intervals were determined over a 4-min period, whereas P-P and P-R intervals were measured over 60 successive beats. The P-P interval was measured from the first sign of atrial excitation in two successive cycles, and the P-R interval was measured from the first sign of atrial excitation to the first sign of ventricular excitation as conventionally defined (31) . Interval durations were measured by aligning the segment from the end of the P wave to the end of the QRS complex by using a least squares approach with the unknown interval duration as the fit parameter, and assignments were verified by inspection. Interval variability was assessed by comparing the standard deviation of intervals in successive cardiac cycles of spontaneously beating hearts (32) . All measurements are presented as mean Ϯ SEM.
Results
Immunocytochemical Localization of Na ؉ Channel ␣ Subunits in SA Node. The mouse SA node was isolated in a strip of tissue bounded by the crista terminalis and the atrial septum (Fig. 1A) . SA nodal cells were recognized (33, 34) by their characteristic architecture, small size, dense nuclei, and spindle or ring shape (9, 13, 22, (35) (36) (37) (38) . To confirm identification of SA nodal cells, sections were labeled with antibodies recognizing connexin 43, which stain atrial and ventricular muscle cells but not SA nodal cells (refs. 22 and 39-42; Fig. 1B, circled) .
Na ϩ channels were labeled with subtype-specific antibodies against Na v 1.1, Na v 1.2, Na v 1.3, Na v 1.5, and Na v 1.6 ␣ subunits and examined under the confocal microscope. The SA node stains with antibodies against the brain-type Na ϩ channel Na v 1.1 (Fig.  1C) , and this staining is observed in myocytes that are not stained for connexin 43 ( Fig. 1D) , as illustrated in the merged image (Fig. 1E, circled) . Mouse SA nodal cells are also stained specifically for Na v 1.3 ( Fig. 1 F-H) . In contrast, Na v 1.2 and Na v 1.6 channels were not detected (data not shown), although comparatively high background staining of the SA node with the anti-Na v 1.6 may have obscured a low level of Na v 1.6 channels. Surprisingly, we also did not detect Na v 1.5 ( Fig. 1 I and J) , the principal TTX-sensitive Na ϩ channel isoform of the myocardium (4, 5), although it is highly expressed in the surrounding atrial muscle cells. Thus, Na v 1.1 and Na v 1.3 are the principal Na ϩ channel ␣ subunit isoforms of the SA node, and the ''cardiac'' Na v 1.5 channel is strikingly absent.
In ventricular muscle, Na v 1.5 is concentrated in intercalated disks, whereas Na v 1.1, Na v 1.3, and Na v 1.6 display a t-tubular localization (8) . SA nodal cells do not have well developed transverse tubules, and no distinct subcellular localization of Na v 1.1 and Na v 1.3 channels is evident when examined at high resolution in the light microscope ( Fig. 2 A and B) .
In rat heart, where the dissection to identify the SA node is easier and more precise, sections were also labeled with anticonnexin 43 to identify the SA node between the crista terminalis and the atrial septum (Fig. 3A) . SA nodal cells as well as the cells of the crista terminalis and atrial septum labeled positively for Na v 1.1 (Fig. 3A) . The labeling was present primarily in the plasma membrane (Fig. 3B) . As in mouse, labeling of Na v 1.2 and Na v 1.6 was not observed in the SA node from rat heart. In contrast to mouse, no labeling of Na v 1.3 in SA nodal cells was observed in rat (Fig. 3C) . However, there was labeling of Na v 1.3 in nerve fibers and cell bodies within and near the SA node, which is known to be highly innervated (9) .
Immunolocalization of Na ؉ Channel ␤ Subunits in SA Node. Auxiliary Na ϩ channel ␤ subunits have been identified in cardiac tissue (25) but not localized to the SA node. Using similar methods as for ␣ subunits, we detected ␤1, ␤2, ␤3, and ␤4 subunits in SA nodal cells (Fig. 2 C-H) . Thus, in contrast to ␣ subunits, we do not find subtype-specific expression of ␤ subunits in the SA node.
Functional Role of Brain-Type Na ؉ Channels in the SA Node. To investigate the functional role of brain-type Na ϩ channels in the SA node, we used an isolated Langendorff heart preparation and recorded ECGs from spontaneously beating hearts. These studies were performed in the presence of atropine and propranolol to avoid effects of TTX on neurotransmitter release from autonomic nerve terminals. Measurements of the P-P and R-R intervals, which provide estimates of the cycle length of the heart beat, and the P-R interval, which measures the time from atrial excitation to ventricular excitation, are illustrated in Fig. 4A . We used 100 nM TTX to selectively block the TTX-sensitive Na ϩ channels (Na v 1.1 and Na v 1.3) that were detected in SA nodes of mice and thereby test their role in cardiac rhythm. This concentration blocks at least 90% of the TTX-sensitive brain-type Na ϩ channels, as their IC 50 values for block by TTX are in the range of 1 to 10 nM (3), but only Ϸ1.5% of Na v 1.5 channels, assuming an IC 50 of 6.3 M as reported for multicellular cardiac preparations (43) . ECGs were recorded during a 4-min period while the hearts were perfused with KHB (ECG 1). Perfusion was then continued with KHB (control group; n ϭ 5) or KHB containing 100 nM TTX (TTX group; n ϭ 6) for 10 min. Then, ECGs were recorded for an additional 4 min in control KHB or KHB containing 100 nM TTX (ECG 2). During ECG 1 in KHB, cycle length measured as R-R intervals was Ϸ138 ms in the control and TTX groups (Table 1 ). All other measured variables were also 3 . Localization of the ␣ subunits of Na ϩ channels in rat SA node. (A) Section through the crista terminalis and intercaval region labeled for Na v1.1. The section was also labeled for Cx43 (labeling not shown), and the red lines surround the Cx43-positive atrial muscle of the crista terminalis (CT) and atrial septum (SEP) on either side of the Cx43-negative SA node (SAN). Labeling of Na v1.1 in the cell membrane of all cells throughout the section is evident. (B) High-magnification images of labeling of Cx43 (Left) and Na v1.1 (Right) in the area of SA node indicated by the yellow box in A. There is no specific labeling of Cx43 above background in the SA node cells, whereas, for comparison, specific labeling is present in the SA nodal artery ( * ). In contrast, there is labeling of Na v1.1 in the cell membrane of the SA node cells but no labeling in the artery. (C) Section through the SA node double-labeled for Cx43 (red) and Na v1.3 (green). Cx43 labeling (in red) is largely absent, confirming that the tissue is SA node. There is no labeling of Na v1.3 in the SA node cells, but labeling is present in nerve fibers and cell bodies. similar between these groups (Table 1 ; P Ͼ 0.05). After perfusion for an additional 10 min, cycle length was increased in both groups (Fig. 4 B and C; Table 1 ). However, cycle length during the following 4 min in ECG 2 was 161 Ϯ 10 ms in the control group vs. 227 Ϯ 34 ms in the TTX group (P ϭ 0.04, control vs. TTX group, unpaired Student's t test), an increase in cycle length of 17.5% in the control group and 64.5% in the TTX group.
Application of 100 nM TTX also led to obvious irregularities in heart beat when compared with control ( Fig. 4 B and C) . To assess the irregularity of the cycle length quantitatively, we measured the variability of the R-R intervals during the 4-min recording periods by using the standard deviation of R-R intervals, SDR-R (32). In the control group, the cycle length variability in ECG 2 was not statistically different from ECG 1 ( Table 1 ). In contrast, treatment with 100 nM TTX increased heart rate variability more than 10-fold when compared with pretreatment values (SDR-R ϭ 2.3 Ϯ 0.4 ms in ECG 1 vs. 35.3 Ϯ 13.3 ms in TTX in ECG 2, P ϭ 0.04, paired Student's t test). These measurements show that treatment with 100 nM TTX causes a slower and more irregular heart beat.
The R-R intervals mirror the beat rate of the ventricles, which can be slowed by delayed or blocked conduction from the atrium to the ventricle under pathophysiological conditions. To further investigate the origin of the slowing and irregularity of the heart beat due to block of TTX-sensitive Na ϩ channels, we analyzed both P-P and P-R intervals from the ECGs (see definition in Fig.   4A ). The P-P interval measures the entire cardiac cycle, like the R-R interval, using the time of initiation of the atrial action potential as an index, whereas the P-R interval corresponds to the time between the atrial action potential and the beginning of the ventricular action potential. In the control group, perfusion with normal KHB for 10 min led to a significant increase in P-P interval from 140.7 Ϯ 0.08 ms in ECG 1 to 159.8 Ϯ 0.23 ms in ECG 2, equivalent to a P-P interval prolongation of 13.6% (P Ͻ 0.01, paired Student's t test; Fig. 5C ; Table 1 ), in accordance with the observed 17.7% prolongation of cycle length derived from assessment of R-R intervals. In contrast, P-R interval did not Effect of TTX on electrocardiograms of spontaneously beating Langendorff-perfused mouse hearts. (A) A typical ECG tracing in expanded form illustrating the P wave ( * ), the P-R interval, the P-P interval, and the R-R interval. (B and C) Example ECGs taken from the control (B) and the TTX group (C) before (ECG 1) and after (ECG 2) a 10-min perfusion with control buffer or buffer containing 100 nM TTX. 5 . Effects of TTX on P-P, P-R, and R-R intervals from spontaneously beating Langendorff-perfused mouse hearts. (A and B) R-R intervals representing beat-to-beat intervals and therefore heart rate measured during 4-min recording periods before (ECG 1) and after (ECG 2) a 10-min perfusion with either control buffer (A) or buffer containing 100 nM TTX (B). (C and D) P-P and P-R intervals measured in 60 consecutive cycles before and after a 10-min perfusion with either control buffer (C) or buffer containing 100 nM TTX (D).
changed significantly after 10 min of perfusion with control KHB (P ϭ 0.9, paired Student's t test; Fig. 5C ; Table 1 ), suggesting stable atrial excitation, AV nodal conduction, and ventricular excitation. Perfusion with 100 nM TTX for 10 min led to a very prominent increase in P-P interval from 141.1 Ϯ 0.14 ms during ECG 1 to 223.0 Ϯ 4.3 ms after TTX treatment during ECG 2, equivalent to a P-P interval prolongation of 58.0% (P ϭ 0.02, paired Student's t test; Fig. 5D ; Table 1 ), in accordance with the observed 65.9% prolongation of cycle length determined by assessing the R-R intervals. As for the control group, P-R intervals changed insignificantly after 10-min perfusion with 100 nM TTX ( Fig. 5D ; Table 1 ), suggesting stable AV conduction even after block of TTX-sensitive Na ϩ channels.
To assess the variability of the P-P and P-R intervals quantitatively, we calculated their standard deviation and named these variables SDP-P and SDP-R. As expected, the SDP-P and SDP-R were similar within the control group in ECG 1 and ECG 2 (Table 1 ). However, in the TTX group, SDP-P increased significantly from 0.6 Ϯ 0.28 ms during ECG 1 to 32.5 Ϯ 9.8 ms after 10 min of perfusion with 100 nM TTX in ECG 2 (P ϭ 0.02, paired Student's t test). SDP-R was affected by TTX to a much lesser extent than SDP-P (0.3 ms vs. 0.6 ms, P ϭ 0.07). Comparison of the two variables in ECG 2 after wash-in of either control KHB or 100 nM TTX shows a significant increase of SDP-P due to TTX treatment from 1.7 to 32.5 ms (P ϭ 0.02, unpaired Student's t test), whereas SDP-R was unaffected (0.26 ms vs. 0.6 ms, P ϭ 0.2, unpaired Student's t test). These measurements of P-P and P-R intervals and their variability confirm that specific block of brain-type Na ϩ channels with 100 nM TTX slows heart rate and substantially increases its variability.
Discussion
Na ؉ Channel Expression in the SA Node. TTX-insensitive Na v 1.5 channels are primarily expressed in the heart, and they are the most highly expressed Na ϩ channels in cardiac tissue (4, 5) . Therefore, they have been widely assumed to fulfill all of the functions of Na ϩ channels in the heart. Recent work has now identified two distinct functional roles for brain-type, TTXsensitive Na ϩ channels-Na v 1.1, Na v 1.3, and Na v 1.6. In ventricular myocytes, Na v 1.1, Na v 1.3, and Na v 1.6 are specifically localized in the transverse tubules (8) . Block of these channels with low concentrations of TTX reduces the synchrony and efficiency of coupling of cell surface depolarization to contraction (8) . Previous studies detected TTX-sensitive Na ϩ currents and localized expression of Na v 1.1 mRNA in neonatal rabbit SA node (23) . Here, we have shown that Na v 1.1 channels are localized in adult rat SA nodal cells and that both Na v 1.1 and Na v 1.3 channels are localized in adult mouse SA node, along with the auxiliary ␤ subunits of Na ϩ channels. Surprisingly, the major cardiac Na ϩ channel subtype, Na v 1.5, is not present in the SA node. The specific expression of the brain-type Na ϩ channels in SA node strongly suggests that they have a specific functional role there.
Functional Role of Brain-Type Na ؉ Channels in the SA Node. The automaticity of the SA node is thought to be derived primarily from the actions of the hyperpolarization-activated, cyclic nucleotide-regulated channels of the HCN family that conduct I h (44) (45) (46) , the Ca v 1.2 and Ca v 1.3 channels that conduct L-type calcium currents (26, 47) , and the Ca v 3 channels that conduct T-type calcium currents (reviewed in refs. 10 and 48). Nevertheless, many previous studies (see Introduction) have shown that there are significant Na ϩ currents in the SA node. Here we provide evidence that these Na ϩ currents are conducted primarily by brain-type Na v 1.1 and Na v 1.3 channels by showing that these subtypes are specifically expressed in SA node, whereas Na v 1.5 channels are not. Moreover, we find that specific block of these TTX-sensitive brain-type Na ϩ channels reduces the spontaneous heart rate and greatly increases its variability in mouse heart. These functional effects of 100 nM TTX show that TTX-sensitive Na v 1.1 and Na v 1.3 channels are required for normal regulation of the heart beat in mouse.
What properties of the brain-type Na v 1.1 and Na v 1.3 might make them well-suited for a functional role in the SA node in comparison with Na v 1.5 channels? An important difference between SA nodal cells and ventricular or atrial myocytes is their comparatively positive maximum diastolic membrane potential of approximately Ϫ60 mV (10, 13, 45, 48) . Comparison of the voltage dependence of gating of the most prevalent brain-type Na ϩ channel, Na v 1.2, shows that its half-maximal steady state inactivation requires a 15-to 25-mV more positive membrane potential compared with Na v 1.5, when analyzed side-by-side in cell lines expressing these Na ϩ channels endogenously or by expression of cDNAs in heterologous mammalian cells (5, 49) . In contrast, Na v 1.1 and Na v 1.3 channels have similar voltage dependence of inactivation to Na v 1.2 channels when expressed in the same heterologous mammalian cells (ref. 50 ; M. Mantegazza, W.A.C., and T.S., unpublished results). The principal Na ϩ current conducted by Na v 1.5 in ventricular myocytes is halfinactivated at approximately Ϫ82 mV and essentially completely inactivated at Ϫ60 mV (51, 52) . At the diastolic membrane potential of approximately Ϫ60 mV in SA nodal cells, Na v 1.5 channels would be nearly completely inactivated whereas approximately half of brain-type Na ϩ channels would remain in the resting state. Therefore, the more positive voltage dependence of inactivation of brain-type Na ϩ channels allows them to function in SA node at a membrane potential that would inactivate Na v 1.5. In addition to their more positive voltage dependence of inactivation, Na v 1.1 and Na v 1.3 channels conduct larger persistent Na ϩ currents than Na v 1.5 after repolarization (refs. 53 and 54; M. Mantegazza, W.A.C., and T.S., unpublished results). These persistent inward Na ϩ currents after opening and inactivation of Na ϩ channels during the SA node action potential may be important in supporting diastolic depolarization in the SA node.
The highly variable heart rate we have observed after blocking TTX-sensitive Na ϩ channels resembles sick-sinus syndrome in man, suggesting that dysfunction of Na ϩ channels in the SA node may be involved in that arrhythmia. Brain-type Na ϩ channels are inhibited by neurotransmitters acting through the cAMP-dependent protein kinase and protein kinase C signaling pathways (55) . Therefore, over-stimulation of the SA node by the many neurotransmitters and hormones that activate these signaling pathways might reduce Na ϩ currents in the SA node and cause or exacerbate sick-sinus syndrome. Some clinical evidence suggests that overactivity of the parasympathetic nervous system may indeed cause sicksinus syndrome (56, 57) .
Although our studies of the effects of TTX on heart rate and its variability gave clear evidence of a role for TTX-sensitive Na ϩ channels in SA nodal function, we did not observe a major effect on the P-R interval, which is a sensitive measure of conduction through the AV node. Therefore, at least under the experimental conditions used here, we did not find evidence for a major role for TTX-sensitive brain-type Na ϩ channels in conduction through the AV node. Consistent with this finding, Na v 1.5 channels are expressed in the AV node (58), and both mice lacking Na v 1.5 channels and humans with mutations in Na v 1.5 channels have altered AV nodal conduction (59, 60) . Thus, Na v 1.5 channels may be predominant in the AV node whereas the brain-type Na v 1.1 and Na v 1.3 channels are predominant in SA node.
Regional Specialization of the SA Node. From studies on rabbit tissue, it is known that the SA node is not uniform and that the action potential is first initiated in the center and is conducted to the surrounding atrial muscle via the peripheral regions (36, 61) . In intact SA node, the center is the leading pacemaker site because of its greater slope of diastolic depolarization (62) . The leading pacemaker current in the center of the SA node is the L-type Ca 2ϩ current whereas the Na ϩ current plays a major role in pacemaking in the periphery (63) . These functional specializations within the SA node suggest that brain-type Na ϩ channels may be differentially distributed throughout the node, which may contribute to the functional differences that have been observed. High-resolution analysis of the distribution of Na ϩ channels and correlation with physiological measurements in individual cells will likely reveal new aspects of the role of brain-type Na ϩ channels in the SA node.
